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INTRODUCTION

Emergency egress exposes aircrewmembers to abrupt accelerative and windblast forces. For the time period
January 1967 to December 1977, 399 ejections were made from the F-4 aircraft. Forty-three aircrowmen sus-
tained 95 long bone and joint Injuries. Of this number, 39 were Identified as upper and 21 as lower extremity
Injuries. The purpose of this paper Is twofold. First, Is to Identify the region, nature, and severity of long bone and
joint Injuries resulting trom aircraft ejection. The second Is to review known biomedical data on bone and joint
strength.

OPERATIONAL DATA

The frequency and distribution of the 39 upper extremity and 21 lower extremity injuries are presented In
Figure 1. Discussion of those specific Injury locations follows:

KNEE

The knee joint Is a synovial joint formed by the articulation of the distal femur, proximal tibia, and the posterior
aspect of the patella. This joint Is the most massive articulation in the body; and Its exposed position makes It
vulnerable to many types of Injuries, Involving both bony and soft tissue components. The stability of the knee
joint Is dependent upon the ligamentous apparatus and the muscles that motorize the joint.

e Type: Ligaments-medial collateral tear-dislocation

Menisci-medlal meniscus tear

e Frequency: 44%

e Mechanism: The function of the ligament Is to prevent abnormal motion of the joint In a particular direc-
tion. If the stress applied to a joint Is of sufficient Intensity to produce abnormal motion, the protecting ligament
will be injured. For Injury the foot Is forced In external rotation and an abducting force occurs at the outer aspect
of the knee, forcing the thigh to rotate Inward and the calf to rotate outward.

e Etiology: Windblast causes the foot to be forced back and out, after the extremity becomes maipoeloned
beyond the geometry of the sat. An abducting force at the outer aspect of the knee forces rotation beyond the
range of motion of the joint. Forced external rotation, accompanied by vaigus movement of the foot and calf
cause Injury.

The common fractures about the knee are the supracondylar fractures and Intercondylar on the femur (dis-
cussed under long bones).

ANKLE

This synovial joint Is of the hinge varlety; however Its axis of rotation Is not fixed but changes between extremes
of plantar flexion and dorshfiexion.

" Type: Malsol-Medlal malleolus fracture
Dislocation-lateral subtalar dislocation

" Frequency. 9%

" Mechanism: The bony configuration of the ankle joint provides inherent stability. The joint Is comrised
of the distal end of the tibia and the medial malleolus on one side, and the distal end of the fllbua and the medial
mallelous on the other. The malleoli are of unequal iength and shape. When the foot Is plenta-flexed the narrow
posterior portion of the talus advances forward Into the mortise. This position produces lateral Instablity. In
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general, Injuries result from sideward stresses forcing the ankle beyond normal arcs of motion. As the foot Invert
In relation to the leg, the lateral collateral ligamnt Is stretched and tears If the force continues. Further con-
tnuation of the force Jams the talus against the medial malleolus. The tip of the malleolus engages the body of
the talus, providing a fulcrum which cause the talus to rotate over the mafleclua. The resulting rupture of the
lateral ligament and fracture of the medial mallolus predisposes dislocation, laterally.

* Etiology: Rotation and Inversion of the foot with Intense lateral foroL This condition is created when the
foot is caught In the windstreem beyond the seat protection and the foot/calf Is thrust backward and outward.

SIHOULDER

The shoulder joint is a synovial joint of the ball and socket variety. There Is marked disproportion between the
small sallow glenold fooa and the large round head of the humerus. The shoulder is the most movable and
possbly the least stable of all the Joints of the extremities.

" Type: 8cepula-fracture
Qienold--rm fracture

laloction-subglenold
Note: the humerus is addressed as a long bone In another section.

" Frequency. 13%. Acute dislocations are frequently associated with fractures of the bones of the shoulder
girdle. This complication Is found in approximately 25% of all dislocations; the greater tuberoeity is most
frequently Involved (18-20%) (Depalma, 1970).

* Mechanism: Any alteration from the range of motion of the glenohumeral joint results In spain, dislocation
or fracture of the head of the humerus. The complete mobility of the upper arm is possible through action of the
glenohumeral Joint as well as articulation with the clavical and scapula. Impairment of any one reflects in impaired
function of the shoulder, even though independent motion remains possible.

Fractures of the scapula are usually the result of a violent direct force.

Avulion of portions of the glenold rim can occur In acute dislocations of the joint. The fragment may detach
anteriorly, posteriorly or Inferiorly, determined by the type of dislocation reflected in the final resting place of the
humeral head.

inferior dislocation occurs when the arm is hyperabducted beyond the limits of the pivotal position. Inferior
dislocation occurs If hyperabduction is continued after the arm has reached the pivotal position. The sequence
of the mechanism Is

Force
The arm Is locked In the pivotal position and the scapula Is completely rotated.

Force continues
The acromlon, acting as a fulcrum, displaces the greater tuberolty and the Inferior capsule is satched.

Force continue.
The head leaves the glenold cavity and Is displaced medially and Inferiorly. The Inferior capsule iS torn. The

rotator cuff Is stretched and the arm drops. The head Is In the subgisnold position.

* Etilogy: Hyperabductlon of the arm. Windblast forces exceed the physical limit of restraint. The forearm
and hand (supine) ae forced up and back, the elbow Is fully extended as the scapula completely rotates and the
hypeabduction mechanism is established. Associated glenoid rim fracture may be observed.
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The elbow Is a synovial joint formed by the articulation of the distal humerus and the proximal ulna and radius,
forming a humero-ulnar and humero-radlal articulation. The only appreciable movement possible at the elbow
joint is the simple hinge movement of flexion and extension. This movement takes place in a lne oblique to the
humerus.

" Type: Fracture-interarticular
Diloretion-posterlor

" Frequency:. 25%

" Mechanism: The general mechanism of Injury Is posterior displacement of both bones of the forearm.
Severe concomitant soft tissue injury results. Because the radius and ulna are firmly bound by the annular liga-
ment and Interosseous membrane, a dislocation of one Is usually primary to fracture or dislocation of the adja-
cent bone. Hyperextenslon of the Joint disrupts the articulation, with subsequent posterior boney displacement.

Comminuted Interartlicular fracture Is caused by trauma that drives the olecranon against the articular end of
the humerus producing comminution of the distal end of the humerus. FlexIon forces the ulna between the
fragments of the distal end of the humerus.

* Etiology:. Hyperextenslon of the joint results from severe arm ioads forcing the forearm back and driving
the elbow joint beyond the limit of Its range of motion.

FEMUR

The thigh bone extends from the hip to the knee and Is the iongest and strongest bone In the body. Fractures
of the femur are usually the result of severe violence. They may be transverse, oblique, greenstick, spiral or
severely comminuted.

" Type: Fracture, mid-shaft

e Frequency:. 9%

" Mechanism: Fracture of the femur is the result of traumatic Impact, torsion or bending. Torque applied to
the distal femoral shaft will Induce stress at the mid-shaft. Intense local force application results in soft tissue
Injury at the Injury eight.

* Etioogy: Torque applied to the distal femoral shaft by rotation/abduction of the knee joint/calf/foot due
to wndblest.

& Severit: Usually, there is cardiovascular shock from the trauma to bone and soft tissue. Fracture of the
shaft of the femur may be accompanied by marked concealed blood loss.

The tObia-fbula articulations are bound together by ligamentous fibers and Interoseous membrane. The
presence of a synovial Joint at the upper and of the two bona Indicates movement, but this movement Is entirely
pasive. The tibia articulates with the femur above and the talus below. The fibula articulates above with the tibia
and blow with the tibia and talus.

e Type. Fracture-spiral
comminuted
plateau (knee joint surface)

4



" Frequency: 33%

* Mechanism: The leslons are produced by an angulatory or rotational force. Generally, angulatoy forces
produce transverse or short oblique fractures of both bones at the same level. Rotational forces produce
transverse or short oblique fractures of both bones at the same level. Rotational forces produce spiral fractures
at different levels (fibula fracture usually at a higher level than the tiblal fracture). Fracture/dislocation of the ankle
may be primary to fibula fracture.

o Etiology: Twisting of the foot/ankle secondary to external rotation-valgus movement of the foot/call due
to windblest. Blow to the fibular head due to dual leg garter configuration.

RADIUS AND ULNA

The radius carries the hand and is stabilized against the ulna for pronation-supination, and against the humerus
for flexion extension of the forearm. The forearm Injuries are marked In that Impact with the aircraft structure
generally provides the trauma Inducing force.

" Type: Fracture-proximal
mid-shaft
compound
stylold process
coronold process (ulna)

" Frequency: 10%

" Mechanism: A direct localized blow precipitates mid-shaft fracture. The type of Injury sustained by the head
or neck of the bone depends upon the Intensity of the force applied and the position of rotation of the radius at
the time of Impact. The capitallum drives the radial bead outward, the direction of tilt depends on the rotational
position of the radius.

e Etiology Fuselage Impact or pronating beyond anatomical limits resulting In posterior dislocation of the
elbow by windbast Induced hyperextenslon. After the break in continuity of the bones has occurred, the
muscles controlling the different segments come Into action and play a major role In the final position the
fragments assume.

HUMERUS

Upper bone of the arm from the elbow to the shoulder Joints, articulating with the ulna and radius and scapula.
As such forces predisposing Injury at these joints may involve the humerus.

" Type: Fracture-supracondylar
head
greater tuberolty
mid-shaft
transverse

" Frequency- 5%

" Mechanism: Most fractures of the shaft of the humerus are the result of direct violence. Involvement with
shoulder and elbow injury Is responsible for proximal fractures.

e Etiology. Direct violent blow to the long bone from fuselage Impact. Force from wlndblat abductionl

dislocation of the Shoulder or hyperextndlon of the elbow.
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RANGE OF MOTION

Three sources of range of motion determination are presented for the major joints In Table 1. The magnitude of
range Is of Interest because angular momentum (rotational velocity and Its product with the appropriate anatom-
ical mass) Is a potentially high energy phenomenon occurring at the shoulder (and knee less dramaticlly) When
the lfoor/humerus ae taken Into rotiry/potsrlor motion by windblst. The physiological dynamics of disrlb-
uting and dissipating the energy of this motion awe engaged when the limit of the hyperabducted joint Is reached.
Fracture Is a major energy dissipation actt.

TABLE 1

NORMAL RANW OF MOTION OF JOINTS IN MALE SUBJECTS

Co~l of PAnges of MoW (D res)

,nfrn A2Weny of
Jot OrHvfftw " OWsu. 1) Oepw (O. 2) ftirt @at . INoV. a

Sh1
Norkont fIfalow 136 140.7 t 5.9 134 ± 7
H ehm actenlon - 45.4± 6.2 46 ± 9
Forwrd fladon 16 166.7 4.7 186± 12
Bk wctenelon 53 62.3 ±. 01 ±14

Rado 146 142.0 5.6 142 ±10
ExtensOln 0 0.0 ± 3.1

Forearm~

Proneton 71 75.8 ±5.1 77± *24
Supe 64 82.1 ± 3.8 113 ± 22

Wris

Fladon 73 70.4 ± 6.3 90± 12
Extesd on 71 74.9 ± 6.4 99 13

Knee

Radon 134 142.5 ± 6.4 144±0

Ankle

A ldonWt) 48 56.26.1 * V 7
Eideneon dorsfluidon) 10 12.6 ± 4.4 3 612

Forepef of tge footIInvmeon 33 3.8 ± 4.5 24±9
EveON 1 s 20.7 ±5 .0 23± 7

8TRENGTN

Static capability of caefos bone In Omprev load ISng is psted In Tae 2as determined by seven
Investigatore, and summarized In Combs, 1978, and Evans, 1967.

The dynamic environn t of operational InJurie was approached In Engin's (1070) measurement of retve
muscle foroe and momnt (Table 3). Selected Joints appear from tht work.
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TABLE 2

8OMd PROPERTIES OF HUMAN. VERTEBRAL BODY. CANCELLOUS BONE (Ref. 3,7)
(- UWae through lmbar)

Ea MXodus LUmnate co oeiwrn
Author in compressn atrM RAW

MN/rn' MN/rn'

Galmnte, 1970 sup-inf. 2.0
a-p 0.8
lot. 0.7

McEhslney. 1970 152 4.14 0.14

Rackoff. t W., 1920 2.1-15.8 Intact body
approx. 0.8-6.3
traacular bone only

Yamada, 1970 70-0 comprsion 1.4-1.9 compression
(Sonoda)" (330 tension 1 specimen) (3.7-4.0 tension)

LIn. 1976 sup-nf 1117 0.36

a-p & lateral 558

Llndahl, 1976 1.1-139 1.0-7.0

Kazarlan, 1977 22.0-290.0 2.2-9.5

Evans, 1973
(summary of
7 authors)

Including
McEhalney &
G0lant. 1.4-8.0

og" Iu

To allow operational comparison on the laboratory measured moment magnitudes, wind-tunnel pressure coeffi-
cient data were used to develop the values In Table 4. Following is the sequence used in deriving the force (N)
value of column four In Table 4:

(1) A 1/32 ale F4E aircraft model was Investigated In a 5 foot diameter, low-speed, wind-tunnal. The Scale
model pilot was affixed at the top of the catapult sequence, Its feet level with the front canopy windshield, both
totally enveloped in the flow. Static ports were drilled and miaometer Instrumented at selected anatomical
locations. The pressure coefficients were measured.

(2) The recognized formula: F-lpv'CpS was used to calculate N/m 2 at the elbow, knee (side) and foot (toe)
locations, for comparison.

(3) The anatomical area was estimated using mean value to determine elbow area, side of the knee area and
frontal area of the foot. This allowed calculation of force (N) at that point.

(4) This value (Table 4, column 4) was then used with the moment arm, column 1, to calculate the magnitude
of moment (N-m) of column 5.

(5) These data can be compared with Table 3 containing resistive moments to develop an appreciation for the
WeverIty of the windblast condition.
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At 500 KTS, all the experienced moment$ are far beyond the resistive values given In Table 3. At a Slower 300
KTS there Is relative likeness. Remnember, Tabl 3 data were collected with the participant anticipating the
environment and focused on a single externiall force. The rapid establishment (1-2 seconds) of wlndblaSt loading
could further reduce possible Successful engagement of that environment.

TA3LE 3
MAGNITUDES OF ACTIVE RESISTIVE MUSCLE FORCE AND MOMENTS (ENGiN: 1979)

Joint, POtlo MeVtude Subject No. I Subject No. 2 Subject No. 3

Shouilder, lateral exteralon Force (N) 140.01 144.91 136.61
163.83 147.02 161.92
106.14 160.32 177.83

Moment (N-rn) 49.38 55.15 66.29
57.76 56.64 62.26
66.93 62.29 69.48

Elbow
Lower arm. 900 aupnation Moment (N-rn) 16.78 14.25 13.53

22.05 14.97 14.77
22.91 16.93 15.03

Lower arm, 90* pronatlon Moment (N-rn) 21.95 14.17 16.23
29.16 17.18 22.61
29.35 20.78 25.10

Knot
Lowe Mo., rotated lateral limit Moment (N-rn) 36.92 23.07 43.63

- 25.17 46.71
- 32.24 49.59

Lower leg, rotated medial limit Moment (N-rn) 55.47 31.07 63.94
- 35.65 93.14

-41.61 101.76

Ankle
Tiblal rotation, medial Moment (N-rn) 41.92 17.63 56.1

47.11 23.40 66.04
50.38 25.30 74.14

Tiblal rotation, lateral Moment (N-rn) 30.11 20.99 52.61
30.66 22.49 56.63
32.04 24.52 61.78



TABLE 4

OPERATIONAL ENVIRONMENT MAGNITUIE OF MOMENTS

Joint Lower (m) Akupwd (KTS) Fboo (N) Movnt (N-m)

Shoukler 0.504' 300 36 18.1
500 103 52.0

Knee 0.4532 300 73 33.0
500 220 110.0

Ankle 0.263 300 130 34.3
500 361 96.0

malt. ultM Ito mguIbOm c. 1076;)

* nMiu, bottm ot to ltS (tkl)
* faul, toS to ujid. Oad)

* 94inm 1070)
ona dWJW y of ak Und.

BIOMECHANICAL DATA

The blomechanical properties of long bones vary significantly with geometry, material properties, loading
method, pathology, etc. Although there are numerous studies on the mechanical properties of bone in the
literature, there are few that investigate intact long bone and joint failure precipitated by specific modes of
disruption, resulting from experiences with force environments.

The majority of literature deals with the nature and physical properties of bone and, to some extent, static loading
of intact bone. A broad summary of these efforts Is given by Evans (1957) in his book entitled Stress and Strains
In Bone. More recent surveys have been reported by Swanson (1971) and Kummer (1972).

So-called flail Injuries, occurring as a result of large magnitude aerodynamic forces on the higher and lower
extremities of the body, are represented by failure of the major articulating joints being forced beyond the
anatomical limit of range and load of the structure as well as long bone trauma. Frequency of such Injury had been
documented by Combs (1978). Determination of voluntary range of motions, resistive force and movements and
resistive torques for the rotational motion of the body segments about their long bone axis was accomplished by
Engin (1979).

There is much that is still to be learned about long bone and joint response to mechanical loading. These Injuries
have significant operational Impact and can be predisposing of long-term degenerative changes. Clinical in-
vestigations have been inadequate because there has been no way to assess the forces, their rate and direction
of application In an actual Injury. Present research programs are directed to simulate observable and explainable
Injury modes produced by windblast flailing, with bones and joints experiencing similar effects and constraints
as those defined by the operational environment.
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